Studies conducted by the international labor organization have shown that operations involving agricultural machinery are among the three activities with the highest risk of accidents to workers. Among the possible causes, rollover is the most common, accounting for 33% of fatal accidents. Despite this, there are standards that provide for the use of safety devices to ensure the physical integrity of the operator, among these equipment stand out rollover protection structures, which can be foldable or not. In this sense, the objective of this study was to perform an ergonomic study in order to analyze the torque required for lowering and lifting a foldable rollover protection structure attached to an agricultural tractor, developing instrumentation for validation of the efforts required to operate the structure and comparing the results obtained with the values recommended by the Standard (CODE 6 -OECD). When torque values were above those recommended by the standard, a set of torsion springs was used as solution to torque reduction. After further testing, the effectiveness of the solution was verified. Furthermore, it was observed that the angular speed of the bar does not have a significant influence on the torque required to lift the bar.
INTRODUCTION
The agricultural tractor is the most important source of power in the agricultural environment, contributing to the development and technological advancement of the Agricultural Production Systems (APS), as the only way to guarantee the gains of scale that are observed in the global Agribusiness. However, the tractor is also a source of risk of accidents and injuries to workers (Schlosser et al., 2002 , Hoy, 2009 , Macedo et al., 2015 , Casazza et al., 2016 , Lleras et al., 2016 . Springfeldt (1996) and Khorsandi et al. 2017 reported that within accidents involving agricultural tractors the primary cause is tractor rollover, Murphy & Yoder (1998) mention that rollover accounts for a third of total fatalities involving agricultural workers.
In this sense, in order to minimize the risk of rollover in agricultural tractors, safety standards were put in place, including safety devices such as rollover protection structure (ROPS) (Myers, 2000; Ayers & Rondelli, 2016; Li et al. 2016) , which is also foreseen in the Brazilian standards, being more common the adoption of international standards, such as the Code 6 issued by the Organization for Economic Cooperation and Development (CODE 6 -OECD, 2012) (Ballesteros et al., 2015; .
However, rollover protection structures are not always a suitable alternative, because it increases the cost of the product (tractor), and make it difficult to work indoors and in places with limited height; such as animal confinement buildings, sheds and orchards. In order to approach this problem, the Foldable Rollover Protection Structures (FROPS) (Powers et al., 2001; Khorsandi et al., 2016) were proposed and implemented by the industry. Nevertheless, many of these bars present excessive weight (approximately 20.00 kg) and are located at high height of the ground (approximately 1.90 m), which lead the operator to refrain from returning the bar to its upper position, working with it in its lower position, which does not minimize rollover accidents. In cases where the FROPS torque (force) is too high a mechanical assist mechanism such as a torsion spring, can be designed and installed associated to the to the tractor FROPS.
Engenharia Agrícola, Jaboticabal, v.38, n.5, p., sep./oct. 2018 In this sense, assuming that torsion springs can be used as part of a mechanical assist device (Rossi et al., 2015) for operators to handle the foldable rollover protection structure in a more ergonomic way, the objective of this study was to characterize the lifting and lowering (torque) of a Foldable Rollover Protection Structure, comparing the results obtained with the values recommended by the standard (CODE 6 -OECD). When verified that the quantified torque values were above the recommended by the standards a solution was proposed, implemented and tested to make sure it does correct the deviations found.
MATERIAL AND METHODS
Laboratory tests were conducted at the FARM MACHINERY LAB (FML), attached to the Biosystems Engineering Department in the College of Agricultural Sciences and Natural Resources (CASNR) at the University of Tennessee, Knoxville (USA). It was utilized for the experiment a Deere and Co. FROPS (Figure 1 ), this prototype is found in tractor models 4120, 4320, 4520 and 4720. FIGURE 1. Schematic representation of the prototype used for laboratory tests .
The FROPS adopted for the experiment has identification serial number 00544 and operated from -40º to + 90º. It is important to highlight that the chosen model was successfully approved in the SAE J2194 (2009) tests (Alfaro et al., 2010) , (referring to longitudinal, transverse and vertical impact tests), since the OECD requires this approval in order to allow the Code 6 tests to be validated.
The determinations for the initial torque in the tested prototype and the resulting torque were performed by the torque measurement system proposed by Khorsandi et al. (2016) , being composed of: reversible gear motor, torque transducer, accelerometer, data logger, platform, fork, speed controller, switch and battery (Figure 2) . The motor (model Groschop PM801-PL73) was mounted on a metal platform attached to the fixed section of the FROPS and its function was to provide torque for a fork that gripped the upper part of the FROPS (moving part).
When the fork received torque from the motor it caused the FROPS to rotate with angular speed. Meanwhile, the accelerometer measured the angle between the FROPS and a normal imaginary line, the torque transducer (model Omegadyne TQ420-2K) measured the torque applied by the fork to turn the FROPS up and down. All the data was stored in the data logger (Campbell Scientific CR23X model) for further analysis.
The speed controller (model IronHorse GSD1) was used to control the operation speed of the motor (RPM), the switch had the function of controlling the motor rotating direction (clockwise and counterclockwise). And finally, the battery (12 V -DC) had the function of supplying power to the motor. 2. Schematization of the torque measurement system utilized to measure the actuating torque required to operate the FROPS .
The force (torque) required to lift a FROPS is dependent of the ROPS folding section weight, the center of gravity (CG) and the friction between the moving and fixed parts of the structure (pivot location). Therefore, accurate measurements of the mass distribution and location of the center of gravity are needed . Ayers et al. (2017) created a computer-based program named CRDP (Computer-Based ROPS Design Program) capable of determining the mass distribution in the FROPS section based on its dimensions (width, length, tube section and thickness) and material density. In the case of this experiment it was verified by the CRDP package that the distance between the center of gravity of the FROPS and the exact place where the pivot point is located is 0.60 m.
The maximum force applied by an operator, based on the standard, in order to handle the FROPS must vary between 50 N and 100 N, as shown in Table 1 , being a function of the operating zone in which the operator is located at (Figure 3 ) (CODE 6 -OECD). According to OECD Code 6 these operating zones have been defined on the basis of a short-sized male operator or a mid-sized female operator who is standing and needs to raise or lower a roll bar. To help define the zones, a number of anthropometric data from standards and studies were considered, with the main approach being the ISO 6682 that defines zones of comfort and zones of reach for humans.
The spatial portion defined as Zone I is called a comfort zone, Zone II is called the accessible zone without forward leaning of the body, and Zone III is called the accessible zone with forward leaning of the body.
Therefore, the following equations were used in order to determine the maximum acceptable torque for each zone: The first term present in the equations refers to the applied force and varies as a function of the operation zone in which the operator is located at, according to Table 1 . The second term refers to the lever arm of application force (distance between the CG of the FROPS and the pivot), this distance is fixed and equivalent to 0.60 m.
In order to provide better conditions to the worker when operating a FROPS, it was proposed a solution that aimed at reducing the torque required to handle the FROPS and, consequently, the force applied by the operator. The solution adopted was the implementation of a set of 4 coil torsion springs, installed in pairs associated with the FROPS pivot point, as shown in Figure 4 . Coil torsion springs were chosen as they are a helical-shaped springs capable of storing energy during the FROPS lowering process and releasing the stored energy during the FROPS raising process (Vuckelic & Brcic, 2016) , therefore assisting the operator. Not to mention that this spring type is available in various sizes, shapes and models in the commercial market, with a suitable acquisition cost (Sardou et al., 2005) . In order to design the coil torsion springs an electronic spreadsheet model created from equations 4, 5, 6, 7, 8, and 9 was implemented. These equations are adaptations of HOOKE's law (1678) and were also used by several authors (Pöllänen & Martikka, 2010; Choi & Choi, 2015; Yıldırım, 2016) when studying the behavior of torsion springs in a wild variety of applications. The model was solved with the help of Solver (Excel ™ Add-in) software package, mentioned by a number of authors (Dasgupta, 2008; Arif et al., 2012; Ishizu & Yamada, 2017) These restrictions represent physical limitations (the spring length L can not exceed 0.12 m, otherwise the spring will not fit in place intended for its installation) or desired final technical specifications such as the minimum Q torque supported by the spring.
Four repetitions were performed at two different speeds (4 RPM and 10 RPM) in order to measure the actuating torque required for the FROPS handling, two repetitions refer to the lowering process, and the other two refer to the lifting process. The results were elucidated in charts, comparing the actual torque data and the specific limits recommended by the OECD -CODE 6 standard. After the implementation of the proposed solution, the set was again submitted to torque measurement tests, with the aim of verifying the effectiveness of the proposed solution. It was performed an analysis of variance (ANOVA) by the F test at the 5% level of significance, in order to verify the existence of significant statistical differences between the required torque to operate the FROPS as a function of the angular speed applied with and without the adopted solution (coil springs).
RESULTS AND DISCUSSION
As described in the methodology, four replications were initially performed in order to determine the actuating torque. Results are presented in Figure 5 . FIGURE 5a. Results from the lowering test of the FROPS at angular speed of 4 RPM.
It was observed that the results obtained experimentally referring to the torque required to lower the FROPS did not exceed the limits recommended by the OECD code 6 in the range of 100º to 0º, referring to Zone I. However, after lowering the bar a little further, exceeding the 0º mark, the operating zone changed (shifting from Zone I to Zone II), thereby the maximum acceptable torque recommended by the standard also changed (45 N.m), in such a way that the data contained below the 0º mark overpassed the new imposed limits, becoming a problem. Besides, it was also noticed that there was a significant discrepancy between the torque values predicted by the theory (red curve) and the actual torque values, quantified in the laboratory tests. proposed that this discrepancy is due to the friction between the FROPS and the joining pins between their fixed and the moving sections. It was verified that the results presented in figure 5b presented similar behavior to the results presented in figure 5a . Likewise, it was concluded that when the operator handles the FROPS in the range of 0º to -40º his health might be compromised, due to the fact that he is applying a torque superior than the recommend by the standards. In addition, it is also observed that the angular speed of the FROPS did not have a direct influence on the torque required to lower the bar. Through the ANOVA, it was verified that the angular speed to lower the FROPS had no direct influence on the average torque required to lower the FROPS (p-value = 0.737). Results presented in figure 5c suggest that in general the effort required to lift the FROPS is higher than the limits recommended by the OECD code 6, especially in zone II, where acceptable values are more critical (actual data exceeds the maximum acceptable tolerances by almost 100%). As in the lowering tests of the FROPS, it was verified through the analysis of variance that the angular speed also did not present a direct influence on the torque to raise the EPCD (p-value = 0.777). Thus, it was concluded that the angular speed does not present significant influence on the torque required to operate the FROPS, either to lower it or lift it.
In a general context, it was experimentally proven that the torque required by an operator to raise the FROPS without any assist mechanism exceeded the limits imposed by the OECD code 6, corroborating the results found by Khorsandi et al. (2016) and . Table 2 below informs the output of the electronic model created to design the coil torsion spring elements. The model output matched the constraints imposed on the input of the model (for example, the adopted deflection of 105 ° was between the limits of 60 ° and 135 °) ( Table 2 ). An interesting parameter to be analyzed is the stiffness coefficient of the spring; it was observed that this spring had a capacity to store 0.13 N.m at each degree that it is turned during the lowering of the FROPS (Table 2) .
Once the designing spring elements were known it was possible to calculate the greatnesses referring to the spring. Table 3 shows the greatnesses of the idealized spring. From the data presented in table 3, it is valuable to highlight the torque, which indicates the maximum amount of energy that could be stored by the spring without compromising its structure. Additionally, it was verified that by multiplying the maximum spring deflection (105º) by the spring rate (0.13 Nmº -1 ) the result obtained was 13.65 N.m, which was exactly the value informed for the maximum torque supported by the spring. The same was true for all the other equations (4 to 9) previously presented, indicating the reliability of the electronic spreadsheet model.
As there were a limited number of commercial models available, it was chosen to purchase a set that most closely resembled the calculated elements, making sure that the choice did not exceed any of the constraints previously imposed by the model. Table 4 presents the characteristics of the spring that was purchased and later implemented. Engenharia Agrícola, Jaboticabal, v.38, n.5, p.680-689, sep./oct. 2018 It was verified that the characteristics of the acquired spring also respected the previously established restrictions. Furthermore, it was observed that the purchased spring was stronger than the first spring idealized; as it presented less number of coils, smaller mean diameter and greater wire diameter, as also observed in Yıldırım (2016) studies with helical springs. Finally, it was noticed that there was an increase in the spring rate (0.30 N.m -1 ), since the maximum deflection of the purchased spring was smaller than the maximum deflection of the first calculated spring, the second one must have had a higher unitary capacity of power storage.
In order to obtain a better understanding of the mechanical behavior of the acquired springs, the values present in Table 4 were applied to the equations 4 to 9 to calculate the suitability of the purchased springs to the application. Results are shown in table 5. The new spring had greater torque resistance if compared to the first spring, which also supported the conclusion that it was a stronger spring, compared to the theoretical proposed one.
As the spring was adapted to the FROPS, new tests were performed and the results can be seen in Figures 6a  and 6b , which illustrate the comparison of the torque required to lift the FROPS without an assist mechanism and after the implementation of the spring set: FIGURE 6a. Comparison between the torque required to lift the FROPS without an assist mechanism and the resulting torque after the implementation of the spring set at the speed of 4 RPM.
Through the ANOVA it was verified that the implementation of the spring assembly significantly reduced the torque required to lift the FROPS (p-value = 1.474 x 10 -10 ) at the angular speed of 4RPM. In addition, it was observed that the new torque values were below the maximum values recommended by code 6 of the OECD. It was observed through the ANOVA that the implementation of the spring set significantly reduced the torque required to lift the FROPS (p-value = 0.024), this time at the angular speed of 10 RPM. In addition, it was also observed through the ANOVA that the angular speed does not present a direct influence on the torque to raise the FROPS with mechanical assistance to the operator (pvalue = 0.609). Thus, it was concluded that the angular speed does not present significant influence on the torque required to operate the FROPS, either in its lowering or lifting, with or without mechanical assistance to the operator.
Finally, it was verified that the greater the angle in which the bar is positioned, the lower is the difference between the torque required to raise the bar with and without the set of springs (spring effectiveness). It could be seen that from the angle equivalent to 60° upwards the set of springs had practically no effect at all.
This occurrence can be associated with the spring's initial deflection, in such a way that it only begins to be actually compressed from a certain angle, i.e., the smaller the vertical displacement of the FROPS the smaller the amount of energy stored by the spring and consequently the lower its effectiveness. To support this theory, it was verified that the biggest differences between the torque with and without the torsion springs were found in the smaller angle values, which indicates the higher compression of the spring and consequently, the greater energy stored to assist the operator to raise the bar.
CONCLUSIONS
It was verified that the torsion spring set has proven to be effective in reducing the torque required to operate the foldable rollover protection structure at angles below 60°, reducing by almost 40% the values recommended by OECD code 6.
The angular speed at which the foldable rollover protection structure is operated has little or no influence on the required torque.
